Abstract. Concurrent ingestion of microfilariae (mf) and arboviruses by mosquitoes can enhance the transmission of virus compared with when virus is ingested alone. We studied the effect of mf enhancement on the extrinsic incubation period (EIP) of dengue 1 virus within Aedes aegypti mosquitoes by feeding mosquitoes on blood that either contained virus plus Brugia malayi mf or virus only. Mosquitoes were sampled over time to determine viral dissemination rates. Co-ingestion of mf and virus reduced viral EIP by over half. We used the computer simulation program, DENSiM, to compare the predicted patterns of dengue incidence that would result from such a shortened EIP versus the EIP derived from the control (i.e., virus only) group of mosquitoes. Results indicated that, over the 14-year simulation period, mf-induced acceleration of the EIP would generate more frequent (but not necessarily more severe) epidemics. Potential interactions between arboviruses and hematozoans deserve closer scrutiny.
INTRODUCTION
It has been shown that the per os infectivity and subsequent transmission of arboviruses by mosquitoes and Culicoides (= biting midges) can be significantly greater when they ingest virus concurrently with microfilariae (mf) than when they ingest the same dose of virus alone. [1] [2] [3] [4] [5] [6] This phenomenon has been referred to as microfilarial enhancement of arboviral transmission. It is based on the supposition that, in nature, vertebrate hosts of arboviruses (including humans) can harbor pre-existing filarial infections with circulating mf. If these vertebrates become infected with an arbovirus, they will become dually infected (i.e., they will develop a concurrent microfilaremia and viremia). Most mf species penetrate the vector midgut soon after being ingested and migrate to a preferred site of development (e.g., flight muscle, fat body). If a microfilaremic host is also viremic when fed on by a vector, there is the possibility that penetration of the midgut by mf will allow some of the ingested virus to enter directly into the vector hemocoel. The facilitated movement of virus directly into the hemocoel can have two important epidemiologic consequences. First, it can increase vector competence by allowing virus to bypass both midgut infection and midgut escape barriers, 7, 8 transforming otherwise incompetent vector species into competent vector species 1, 2, [4] [5] [6] and thus increasing the number of vector species involved in an arbovirus transmission cycle. Second, mf enhancement can accelerate arboviral development within a vector 2, 3 and thus shorten the time required for a virus-exposed vector to become infectious (i.e., shorten the extrinsic incubation period [EIP] ).
This report examines the second of these two potential consequences (i.e. , acceleration of the viral EIP). In theory, mf-mediated acceleration of viral EIP could occur in many different species combinations of virus-arthropod-filaria where mf are capable of penetrating the mosquito midgut, including combinations in which the filarial species are not normally associated with or vectored by a particular arthropod species. 9 In fact, it is not necessary for the mf to be able to survive in the arthropod for microfilarial enhancement to occur. 5, 6 This can introduce additional complexity to what may already be rather complex transmission systems for many zoonotic arboviruses (i.e., transmission systems involving multiple species of amplifying hosts and vectors). In this study, we chose a relatively simple model system; dengue-1 virus, Aedes aegypti mosquitoes, and Brugia malayi mf. Transmission of dengue typically involves only one amplifying host species (i.e., humans) and one vector species (i.e., Ae. aegypti ). Other reasons for choosing this particular system were 1) all three components are sympatric in nature, 2) dengue and Brugian filariasis have public health relevance, 3) B. malayi mf are readily obtained from the National Institute of Allergy and Infectious Disease Filariasis Research Reagent Repository Center (NIAID FR3), and most importantly, 4) a simulation model capable of calculating the effects of mf enhancement on dengue epidemiology has been developed and is available for use. 10 The experimental approach was to feed mosquitoes on blood containing either virus or virus plus mf and to use the experimentally derived values on EIP as input values in computer simulations to determine what effect microfilarial infections in a host population might have on the long-term patterns of arboviral disease incidence within an area where both filarial and arboviral infections co-exist.
MATERIALS AND METHODS

Mosquitoes.
Aedes aegypti BLACKEYE strain were reared at 27°C using standard methodology. Before use in membrane feeding experiments, cages of 150-200 4-to 7-day-old adult female mosquitoes were maintained overnight without a sugar source to promote blood feeding.
Virus. One week before conducting membrane feedings, frozen dengue 1 virus stocks were thawed and inoculated into the thoraces of ~30 Ae. aegypti mosquitoes (inoculum size, ~0.3 µL). Mosquitoes were maintained at 31°C for 1 week to allow the virus to grow. On the day of membrane feeding, the virus-inoculated mosquitoes were triturated in 1 mL of diluent and centrifuged, and the supernatant containing the virus was added to 10 mL of fresh, pre-warmed human blood containing EDTA.
Parasites. Tubes containing live B. malayi mf harvested from peritoneally infected gerbils were shipped overnight from the University of Georgia, courtesy of the NIAID FR3. On receipt, mf were centrifuged and washed twice in diluent, checked for viability, held briefly at 32°C, and used for membrane feeding the same day.
Membrane feeding. For each of the two membrane feeding trials, equal volumes of the blood-virus mixture were placed in two labeled tubes. Microfilariae were added to one of the tubes (= mf + virus), and an equivalent volume of diluent was added to the other tube (= control group). The tubes were mixed thoroughly, and the two solutions were dispensed into the chambers of pre-warmed glass membrane feeders covered at one end with a Baudruche membrane and connected to a circulating water bath (32°C). Approximately 0.5 mL of each solution were stored at -70°C for later viral titration. The feeders were lowered on to the screened tops of mosquito cages and mosquitoes were allowed ~1 hour to feed. Unfed mosquitoes were removed. In the first trial, cages were incubated at a constant 31°C. In the second trial, one set of cages was incubated at 28°C and a second set of cages was incubated at 24°C. Immediately after mosquito feedings in both trials, midguts from three to five mosquitoes from the mf + virus groups were carefully excised intact and placed in individual droplets of saline. After several hours of incubation, the excised midguts were examined microscopically, and the numbers of mf penetrating each midgut were recorded. These midguts were stored individually at -70°C for later viral titration. At intervals of 3, 5, 7, 10, 11, 13, and 18 days after feeding, 10-20 live mosquitoes were removed from each cage, chilled, and placed on ice to anesthetize them. The legs were removed from each mosquito, and individual mosquito bodies and legs were triturated in diluent and frozen at -70°C for later viral assay. Mosquito body samples were assayed for virus to determine viral infection rates. If a mosquito body was found to be virus positive, the corresponding leg sample was assayed to determine whether that infected mosquito had a disseminated viral infection (i.e., virus present in the legs) or a non-disseminated infection confined to the midgut (i.e., no virus in the legs).
11
Mosquito mortality. At various time points throughout these experiments, dead mosquitoes in each cage were removed and counted. A 21-day observation period was used for the 24 and 28°C groups, and a 13-day observation period was used for the 31°C groups. At the end of each observation period, all mosquitoes remaining alive were counted. Daily survivorship was calculated using the following formula:
(proportion of mosquitoes surviving the observation period)
(1/duration of the observation period)
Mosquitoes taken for viral assays were not included as part of the mortality assessments. Virus assays. Specimens (e.g., blood-virus mixtures, mosquito bodies, and mosquito legs) were tested at serial 10-fold dilutions for infectious virus by plaque assays on Vero cell monolayers, modified from the methods described by Gargan and others.
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Data analyses. χ 2 analyses were used to test for significant differences between experimental groups in the rates of viral infection, dissemination, and mosquito mortality. Microfilarial counts were expressed as geometric means. Viral extrinsic incubation period for each experimental group of mosquitoes was defined as the period of time elapsed before a mosquito was detected with a disseminated infection (i.e., virus in the legs).
Computer simulations. The dengue transmission model, DENSiM, 10 and its entomologic companion program CIMSiM 13, 14 were used to estimate the theoretical consequences of Brugian filariasis on the long-term transmission of dengue. The entomologic factors generated from CIMSiM were used to create the theoretical mosquito populations, which were used in the DENSiM simulations. The DENSiM simulated a theoretical human population dynamics driven by country-and age-specific birth and death rates. Both CIMSiM and DENSiM are site specific because each country has its own unique demography and climate (which is a key determinant for mosquito development and survival). Therefore, to generate realistic output, the simulations needed accurate databases of human demography and daily weather information for specific countries and regions. For this project, Indonesia was chosen as the most appropriate country in which to run CIMSiM and DENSiM simulations because 1) Indonesia is endemic for both dengue and Brugian filariasis and 2) there are historical demographic, weather, and entomologic data sets available. The CIMSiM simulations were parameterized using actual entomologic field surveys conducted in Indonesia by the US Navy and Gadjah Mada University. Weather data were courtesy of the Indonesian Air Force. Simulations were conducted to cover a 14-year period from 1985 to 1999. The CIMSiM used a default value for daily adult survival (Sa) set at 0.89. 15 For each CIMSiM output, DENSiMs were run to simulate dengue transmission, assuming initial seroprevalence to circulating dengue virus at ~70%, independent of age. Four basic scenarios were compared. The "control scenario" (i.e., no mf enhancement) used Sa control = 0.89 and a standardized EIP values based on previous observations. 16, 17 Because the EIP varies according to environmental temperature, an enzyme kinetics model 18 was used to correlate EIP with temperature. Another series of simulations were conducted to analyze the outcome of B. malayi mf infections on dengue transmission (i.e., the "filariasis-endemic scenarios"). These simulations used the same enzyme kinetics model for the EIP-temperature relationship but adjusted the standardized EIP input values in proportion to the reduced EIP observed for the mf + virus groups in our membrane-feeding experiments. Three different simulations were performed for filariasis-endemic scenarios. One used the same default value for adult daily survival as in the control scenario (i.e., Sa mf = 0.89) to represent the scenario where mf penetration of Ae. aegypti midguts did not reduce adult daily mortality. Two additional simulations substituted lower values of adult daily survivali.e., Sa mf = 0.87 and Sa mf = 0.85-in recognition of the fact that some studies have reported that mf ingestion and penetration of the mosquito midgut can reduce mosquito survival, whereas others have found no effect. [19] [20] [21] The outcomes for each of the four scenarios were the number of new dengue cases generated each successive year throughout the 14-year simulation period. For each of the four scenarios, yearly incidences of dengue were graphed to compare the long-term patterns of dengue incidence.
RESULTS
Virus concentration and mf midgut penetration during infectious feeding. In the first trial, mosquitoes were incubated at 31°C, and the concentrations of dengue 1 virus were 10 6.0 plaque-forming units (PFU)/mL for the infectious blood contained within the membrane feeders and 10 3.1 PFUs for individual mosquito blood meals. In the second trial, mosquitoes were incubated at 28°C and 24°C, and the concentration of virus was considerably lower-10 5.3 PFU/mL for the infectious blood within the feeders and 10 2.6 PFU for individual mosquito blood meals. The intensity of mf penetration through mosquito midguts was similar for both trials-with geometric means of 31.6 and 26.4 mf per mosquito for the first and second trials, respectively.
Mosquito mortality. There were no significant differences in mosquito mortalities between the treatment groups for mosquitoes held at 24°C (χ 2 = 0.5, P = 0.47) or 28°C (χ 2 = 3.6, P = 0.16; Table 1 ). However, under the 31°C temperature, mosquito mortality in the mf + virus group (26%) was significantly higher than in the virus only group (1%; χ 2 = 23.7, P < 0.001; Table 1 ). When the data from all three temperature regimens were combined, there was no significant difference in overall mosquito mortality between the mf + virus treatment group (31%, N = 367) and virus only group (25%, N = 374; χ 2 = 3.6, P = 0.060). The daily survivals in all groups (Sa ≥ 0.97) were substantially higher than estimated daily survival of Ae. aegypti in the field (Sa = 0.89).
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Viral infection. The higher virus concentration used in the first trial (i.e., the 31°C trial) resulted in a significantly higher viral infection rate in mosquitoes (68%, N = 180) compared with the viral infection rates observed during the second trial (9%; N = 322; χ 2 = 201.3, P < 0.001; Table 2 ). However, there were no significant differences in overall viral infection rates of mosquitoes between treatment groups when all temperature regimens were combined (χ 2 = 0.03, P = 0.85) nor were there significant differences in mosquito infection rates among treatment groups within a temperature regimen (χ 2 = 2.7, P ≥ 0.10). Viral dissemination and EIP. As expected, the development of disseminated viral infections occurred more rapidly at warmer temperatures ( Tables 3 and 4 ) . When mosquitoes ingested high titer virus and were incubated at 31°C, the viral dissemination rate of the mf + virus group (61%) was significantly higher than that of the virus only group (28%; χ 2 = 18.1, P < 0.03). When all temperature regimens were combined, overall viral dissemination rates were significantly higher in the mf + virus group (26%, N = 244) than in the virusonly group (10%, N = 264; χ 2 = 21.2, P < 0.001). However, if mosquitoes were counted beginning on the day that disseminated infection were first detected for each group, overall viral dissemination rates did not differ between the mf + virus group (32%, N = 199) and the virus-only group of mosquitoes (24%, N = 114; χ 2 = 2.5, P = 0.11). More importantly, disseminated infections developed much sooner in the mf + virus groups of mosquitoes than in the corresponding virus-only group of mosquitoes. At each of the three temperature regimens, presence of B. malayi mf in the infectious blood meal reduced the development of disseminated viral infections by over half ( Table 3 ). The time it took for disseminated viral infections to develop served as a proxy for EIP in the DENSiM simulations. Because temperature did not affect the magnitude of the reduction ( Table 4 ) , we multiplied the standardized EIPs used in DENSiM by the averaged proportional reduction observed in our experiments for all three temperatures (i.e., multiplied by 0.40) and substituted this reduced EIP into the DENSiM for simulations involving filariasis-endemic scenarios.
Simulation analysis. The DENSiM simulations showed just how sensitive dengue transmission dynamics are to reductions in adult survival. When adult daily survival for the filariasisfree scenario was set at Sa control = 0.89 and compared with a filariasis-endemic scenario wherein ingestion of mf caused high mosquito mortality (Sa mf = 0.85), the patterns of dengue epidemics between filariasis-free and filariasis-endemic scenarios looked nearly identical ( Figure 1A ) . In other words, because of the trade-off between reduced EIP and reduced survival, mf enhancement accompanied with high mf-induced mosquito mortality had no net effect on dengue transmission. Interestingly, simulations where mf-associated reductions in mosquito survival were either low (Sa mf = 0.87; Figure 1B ) or absent altogether (Sa mf = 0.89; Figure 1C ) yielded no substantial differences in the overall average numbers of dengue cases throughout the 14-year simulation period. The filariasis-free scenario where Sa control = 0.89 produced an average of 2,480 cases/yr, the filariasis-endemic scenario with low mf-induced mortality (Sa mf = 0.87) produced an average of 2,832 cases/yr, and the filariasis-endemic scenario with no mf-induced mortality (Sa mf = 0.89) produced an average of 3,019 cases/yr. However, mf enhancement did change the long-term pattern of dengue incidence by changing the temporal dynamics of infections, so that the epidemic curves in filariasis-endemic scenarios were out-of-phase with the normal course of the epidemiology. Indeed, in the filariasis-endemic scenario where there was no mf-associated reduction in daily mosquito survival ( Figure 1C ), the periodicity of the inter-epidemic intervals was considerably shortened, resulting in more frequent "mini-epidemics" occurring throughout the 14-year simulation period than would otherwise occur without the filariasis (i.e., five outbreaks instead of the usual three).
DISCUSSION
Vertebrate hosts, dually infected with mf and an arbovirus, can transform incompetent mosquito species into competent vectors, 1, 2, 5, 6 and perhaps more importantly, reduce the EIP of the virus within vector and non-vector species alike.
2,3
The existence of chronic filarial infections within a host population subject to periodic arboviral epidemics could potentially lead to a portion of that population being infected with both microfilariae and virus. In the 1980s, Turell and others showed that co-ingestion of B. malayi mf with Rift Valley fever virus 2 and with dengue 2 virus 3 increased the rapidity of viral dissemination in Ae. taeniorhynchus and Ae. aegypti mosquitoes, respectively. This study corroborates this phenomenon using dengue 1 virus within its primary vector, Ae. aegypti . Regardless of the temperatures at which mosquitoes were maintained, co-ingestion of B. malayi mf and dengue 1 virus by Ae. aegypti mosquitoes reduced the time interval between ingestion of the viremic blood meal and the development of disseminated dengue 1 virus by over half that of the normal duration.
To understand how mf-mediated acceleration in viral dissemination might affect viral epidemiology, we used a comprehensive computer simulation model of dengue virus transmission, DENSiM, and adjusted the key input parameters (e.g., daily temperature, rainfall, human seroprevalence) to represent a region of the world where both dengue and Brugian filariasis co-exist (i.e., Indonesia). We compared the long-term pattern of dengue incidence that resulted from the computer simulations when normal EIP values (derived from the control group of mosquitoes) were used versus when EIP values were multiplied by a factor of 0.40 (derived from the mf + virus group of mosquitoes; Table 4 ). The simulations showed that the mf-induced reduction in the EIP produced an initial peak in disease incidence during the first year of virus introduction, but after that, it did not necessarily lead to an overall increase in the total number of new human cases over the ensuing years. Rather, simulations suggested that the reduced EIP would generate more frequent (but not necessarily larger) epidemic waves, such that over the 14-year simulation period, there were five rather than the usual three epidemics that resulted from running simulations with normal EIP values ( Figure 1 ). However this enhancing effect disappeared if scenarios were simulated whereby mf penetration of the mosquito midgut lowered adult mosquito daily survival.
Because mf-induced reductions in EIP and daily survival are opposing forces, it is important to understand the effect that mf penetration has on mosquito daily survival in nature. Viral concentrations fed to mosquitoes were lower (10 5.3 PFUs) for the 24°C and 28°C groups than for the 31°C groups (10 6.0 PFUs). * Number of mosquitoes infected/number tested. In our experimental trials, the overall mosquito mortality caused by ingestion of mf was not statistically significant from that observed in the control groups ( Table 1 ). This contrasts with our earlier findings where significant mortality was observed in Ae. aegypti ingesting B. malayi mf. 6 The difference between the two studies probably reflects differences in the levels of mf densities ingested by the mosquitoes (~5,000 versus 10,000 mf/mL blood in the earlier study). It has been documented that Aedes spp. mosquitoes incur increasing mortality when fed increasing densities of mf, but significant mortality occurs only when mf intensities are very high (> 5,000 mf/ mL, > 20 mf ingested). 22, 23 In Indonesia, mf intensity of Brugia infections may range from 1 to 6,028 mf/mL. 24, 25 Unfortunately, there has been little experimental work quantifying Ae. aegypti mortality after feeding on microfilaremic people infected with B. malayi . However, there are reports in the literature about the more widespread human filarid, Wuchereria bancrofti and Ae. aegypti. Although Ae. aegypti is not considered an important vector for Bancroftian filariasis, W. bancrofti mf readily penetrate the midgut of Aedes mosquitoes after ingestion. [26] [27] [28] [29] Under natural conditions, mosquito mortality resulting from ingestion of W. bancrofti mf is generally nil. For example, Calheiros and others 30 reported that the survival rates over 21 days of a Brazilian population of Ae. aegypti fed on microfilaremic people (mf intensity = 906-1,830 mf/mL) were virtually 32 observed that, although mfinduced mortality in Ae. polynesiensis did occur from ingesting W. bancrofti mf, mosquito mortality was less a function of mf intensity (range, 700-8,000 mf/mL) and more a function of the geographic origin of the mosquito strain-that is, mortality was greater in allopatric combinations of parasite and mosquito, suggesting that co-adaptation of local strains of parasite/mosquito may serve to mitigate mf-induced mortality. When a local population of Ae. aegypti in Trinidad fed on people infected with another human filarid, Mansonella ozzardi, there was no excess mosquito mortality even though M. ozzardi mf penetrated the midgut. 9 Taken together, the evidence to date indicates that reduced survival of Ae. aegypti as the result of feeding on microfilaremic people in nature may be mild or absent, suggesting that the DENSiM simulations of filariasis-endemic scenarios where there is no decrease in normal daily mosquito survival ( Figure 1 , bottom panel) is the more realistic scenario over filariasis-endemic scenarios that incorporate a reduced mosquito survival ( Figure 1 , top and middle panels).
The prevalence of mf infections within a vertebrate host population is of paramount importance to the real-life significance of mf enhancement of arborviral transmission. The higher the prevalence of mf infections in a population, the more likely dual infections could occur and the more likely that mf enhancement could happen. Prevalence estimates of Brugian microfilaremia in endemic areas of Malaysia and Indonesia range from 12% to 30%. 24, [33] [34] [35] Although they have not been tested in the laboratory, other microfilarial species found in human blood (e.g., W. bancrofti , M. ozzardi, Loa loa ) could also, in theory, contribute to accelerated dengue EIP in Ae. aegypti . Thankfully, the global prevalence of lymphatic filariasis is in decline, in large part because of the efforts of the Global Campaign for the Eradication of Lymphatic Filariasis. 36 Lymphatic filariasis may be eliminated by 2020. Therefore, will the elimination of human lymphatic filariasis make the results of these DENSiM simulations irrelevant? For dengue, the answer may be yes. However, the general principles and outcome of these simulations may apply to scenarios involving other arboviruses, particularly zoonotic arboviruses. The prevalence of mf infections in wildlife is often very high. If an arboviral epidemic swept through such populations, there is a good chance that dual infections would occur. For example, as West Nile virus (WNV) spread westward across North America during the early to mid-2000s, the virus encountered susceptible populations of adult American crows in southern Ontario 37 and upstate New York (JAV and L. Patrican, unpublished data) with 65-90% prevalence of Chandlerella chitwoodae mf infections, adult common grackles in Indiana 38 and Illinois 39 with > 90% prevalence of Ch. quiscali mf infections, and adult black-billed magpies in northern Colorado 40, 41 with 79-90% prevalence of Splendidofilaria picardina mf infections. There can be little doubt that during WNV expansion across the continent, mosquitoes fed on dually infected crows, grackles, and magpies. Preliminary evidence has indicated that at least two of these mf species, Ch. quiscali and S. picardina , can penetrate the midguts of several North American mosquito species. 41, 42 Therefore, the question becomes is it possible that such dually infected birds could have enhanced amplification of WNV by reducing the viral EIP within the vector? The answer at present is unknown. However, considering the lack of other reasonable hypotheses and/or mathematical models to explain the incredibly rapid spread of WNV through North American bird populations, together with the simulation results presented in this report, we suggest that the potential of mf infections to enhance arboviral transmission in nature warrants closer scrutiny.
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